INTRODUCTION
Degradation of hemoglobin heme in vivo vields equimolar amounts of bile pigment and CO (1, 2) .
The process is mediated by microsomal heme oxygenase (3, 4) , and the conversion to bile pigment Received for publication I December 1978 and in revised form 18Januiary 1980. or CO appears to be quantitative (5, 6) . Similarly, catabolism of endogenous hepatic heme is known to give rise to biliruibin and CO (2, 7) and appears to be related to microsomal heme oxygenase in the liver (8) . Because the latter is the only mechanism for heme breakdown of demonstrated physiological relevance, it has been assumed that endogenous hepatic heme, like exogenous heme, is degraded quantitatively to bile pigment and CO. This assumption, however, has not been verified experimentally, and a priori its validity may be questioned. Unlike hemoglobin, the heme proteins ofthe liver are heterogeneous, including the group known as cytochrome P-450, which consists of at least two (and probably several) distinct heme proteins (9) . With regard to heme turnover, the latter are quantitatively the most important heme proteins in the liver (10) , but whether or not each individuial apoprotein of this group directs degradation of its respective heme moiety by way of microsomal heme oxygenase is conjectural at this time. Moreover, a very rough calculation of hepatic heme turnover and pigment production suggests that a discrepancy between these two processes exists. Hepatic heme turnover in a 300-g rat may be estimated at 620 nmol/d (10) , while hepatic bilirubin production is only 250 nmol/d (10% of a total body bilirubin production of -2,500 nmol/d) (1) .
We recently examined quantitatively hepatic heme breakdown by correlating production of heme catabolites with rates of degradation of hepatic heme in rats given 8-amino[5_14C]levulinic acid as the labeled heme precursor (8) . One-eighth of the labeled carbons from this precursor are in the alpha methene bridge position of the tetrapyrrole, and conversion of the labeled heme to bile pigment is accompanied by stoichiometric release of "CO, which can be trapped and (Iutiantitated (2, 8) . Our initial observations suggested that, with respect to catabolism of cytochrome P-450, -70% of the heme degraded could be accounted for as CO (8) . In this study, examining this process in greater detail, we find that the proportion of hepatic heme converted to CO was previously overestimated. Administered 8-amino [5-'4C]levulinic acid labels both hepatic and renal heme, and the latter contributes substantiallv to the basal rate of 14CO excretion.' When this fact is taken into accouint, a sizeable discrepancy between hemie disappearaince from the liver and excretion of CO emerges. We have confirmed these findings in vivo with sttudies of heme degradation in rat hepatocytes in primary monolayer culture (11) , and concluide that in normal rats, endogenous hepatic heme, in contrast to exogenotus heme, is degraded predominately 1b non-CO forming pathways. 16 h, labeled heme had been discharged from rapidly tturning over pools, leaving microsomal cvtochromnes as the major labeled hemiie proteins in the liver (8) . At the start of the study period, the animal was placed under light ether anesthesia, and the anterior lobule of the right lateral hepatic lobe, wveighing -0.3 g, was removed through an abdominal incision. The ['4C]heme in this tissue sample was used to estimiiate the initial content of labeled hemiie in the liver. Preliminary studies had indicated that the amount of labeled heme, per milligramii tissue, in the biopsy samiiple was 84±11% (meean±SD, n = 8) of that in the remainder of the liver. It also had been determined that total liver weight in male rats of the size used, fed ad lib., constituted 3.8±0.4% of body wt. Thus, from the labeled heme of the biopsy sample and the body weight of the animal, the initial ['4C]heme in the liver could be estimiiated. After this procedutire, the animal was placed in the apparatus for trapping 14C( (8), and total cumilulative "4CO was measured over a period of [12] [13] [14] h. At the end of the study period, the animal was sacrificed and the liver removed for measurement of residuial ['4C]heme. The difference between the calculated initial and final extracted labeled heme was taken as total hepatic heme degradation; this value was compared to the measured total '4CO produiction.
To test the possibility that the surgical procedcure affected heme degradation in the remaining liver, control experiments were performed by selectinig a pair of animals that, after
In a previous study, which wvas concerned with the effect of administered endotoxin on the degradation of ['4C]heme in rat liver to '4CO (8), the contribution of renal I'4C]heme to basal 14CO production was not appreciated. However, the disappearance of labeled heme from the kidney is unaffected by endotoxin (unpublished observations). Thus, the changes in 14CO production cauised by this agent appear to reflect clhanges in turnover of hepatic heme as reported (8) .
administration of 8-amino [5-'4C] (8, 14) . In several experiments, duplicate samples were assayed by a different procedture in which heme was extracted quantitatively without carrier into ether (15) . Radioactivity was determined by liquid scintillation spectrometry, with couinting efficiencies estimated by addition of a labeled internial standard. Restults from the two extraction methods varied < 10%; with either method the percentage of total liver radioactivity extractable as heme was 70-75% both in the initial and final samples. By paper chromatography in a descending solvent system of 2,6-dimethylpyridine/water [10:7] , the isolated ['4C]heme was 99% radiochemically pure, excluding significant contamination by 8-aminolevulinic acid, which migrates at about one-half the Rf of heme under these conditions (16) .
Each study was conducted with culture plates prepared from a single rat liver. The results are expressed per plate, because protein content varied <5% among plates from the same batch of cells. The efficiency of the CO collection apparatus was 85-95%, as determined by recovery of '4CO generated in the animal chamber from ['4C]formic acid dehydrated with hot (65°C) concentrated sulfuric acid. The data for 14CO have been corrected for this efficiency factor.
RESULTS
Production of 14CO from endogenous ["4C]heme in vivo: hepatic and renal components. The disappearance of labeled heme from the liver was measured and compared to the excretion of '4CO over the same time period after administration of 8- (Table II) . Therefore, the kidneys are potentially a significant source of '4CO. The renal component of total 14CO excretion was studied first by comparing labeled CO production in an intact animal with that from an animal subjected to bilateral nephrectomy. As shown in Fig. 1 , removal ofthe kidneys was followed by an average 30% decrease in 14CO production.
Ifthe renal contribution is considered and the data of heme (presented to the cells as a complex with albumin) underwent essentially quantitative conversion to "CO (Table III) . In other studies, [14C]bilirubin was extracted and quantitated; it was always less (on a molar basis) than the amount of CO produced under similar conditions, regardless of the addition of serum albumin to the culture medium. This finding is consistent with partial spontaneous degradation of the pigment during incubation in culture which was confirmed in control studies. When culture media containing [14C]bilirubin were added to plates without cells and incubated at 37°C for 20 h, only 25% of the initial ['4C]bilirubin was recovered; in the presence of 10 mg/ml bovine serum albumnin, 75% was recovered.
DISCUSSION
These studies in vivo and in primary hepatocyte culture demonstrate that endogenous heme in normal rat liver is degraded to a significant extent by pathways not yielding CO and bile pigment. The rationale for measuring production of 14CO in vivo rather than the appearance of labeled bilirubin in bile, has been discussed (8) . Bile bilirubin and exhaled CO are equivalent parameters of heme degradation in the rat, as shown by the studies of Landaw and co-workers (2). In hepatocyte culture, measurement of [14C]bilirubin underestimates the conversion of heme to bile pigment because of the instability of bilirubin in culture medium, even in the presence ofadded serum albumin. Therefore, measurement of 14CO appeared to be superior to that of ['4C]bilirubin in this setting also.
Possible methodological artifacts associated with the studies in culture include metabolism of CO (pre- (14, 18, 19) , which raises the possibility that heme catabolism is altered. However, the accelerated degradation of cytochrome P-450 heme in cultured hepatocytes is accompanied by a striking increase in heme oxygenase activity (18) , which suggests at least that there is an ample enzymatic capacity in the cells for the conversion of heme to CO. This protocol was devised to provide information largely about heme pools associated with the group of microsomal cytochromes P-450 (and, perhaps, cytochrome b5, although this heme protein turns over relatively slowly). The fractional conversion of nonmicrosomal heme to CO and bile pigment may differ from that reported here. While this possibility should be examined, the degradation of cytochrome P-450 heme holds particular interest since these hemoproteins account for well over 50% of total hepatic heme turnover (10) . Moreover, unlike the mitochondrial (a and c type) cytochromes, the prosthetic group for cytochrome P-450 is the same as that of hemoglobin, i.e., protoheme (20) . The latter fact invites a comparison between the degradation of microsomal and exogenous heme in rat liver, particularly since circulating hemoglobin (either free or complexed with haptoglobin), methemalbumin, and heme-hemopexin are taken up and degraded in the parenchymal cells of the liver (21). Ostrow and colleagues (17) showed several years ago that the fractional conversion of administered hemoglobin to bile pigment was variable, ranging as low as 55%, and they raised the possibility of nonbilirubin pathways for heme degradation. Snyder and Schmid (22) (21, (23) (24) (25) .
We had previously postulated the existence of a non-CO forming pathway for degradation ofendogenous hepatic heme in vivo (26) . In those preliminary studies, treatment of rats with carbon tetrachloride or with the porphyrinogenic agent, allylisopropylacetamide, was found to accelerate the degradation of hepatic heme in the absence of a concomitant increase in CO formation (26) . Although it was assumed that the non-CO forming pathway was an "abnormal" one, elicited under conditions of a toxic insult to the liver, the present studies in normal rats emphasize that a quantitatively important route for degradation ofhepatic (microsomal) heme also does not involve CO. Carbon tetrachloride or allylisopropylacetamide may directly attack the heme molecule, as recently reported for the latter agent (27) . However, it is also possible that these compounds accelerate the breakdown of hepatic heme in part by stimulating normal degradative pathways.
The physiologic process responsible for heme catabolism by the non-CO forming pathway(s) in liver remains to be identified. By extrapolation from in vitro studies, it is possible to speculate that formation of lipid peroxides may be involved. The heme moiety of cytochrome P-450 is susceptible to peroxide.-tive attack in vitro, yielding unknown products that do not include CO (28, 29) . Studies of the effects of preformed lipid peroxides have shown that cytochrome P-450 exhibits peroxidase activity and, under some circumstances, may undergo peroxidative "autodegradation" (30) . Jeffery and co-workers (31) , extending these observations, have reported that destruction of cytochrome P-450 in vitro by lineoleic hydroperoxide is biphasic. About 50% of the cytochrome exhibited a relatively high susceptibility to peroxidative attack, and this fraction appeared to be increased in microsomes from animals pretreated with phenobarbital. The implication of these data for the present study is that heme undergoing degradation by non-CO forming pathways may be associated with a subspecies of cytochrome P-450, some fractions of microsomal heme being degraded by heme oxygenase, others by the non-CO forming route. By simple modification of the present approach, it should be possible to measure the fractional conversion to CO of endogenous heme in various pools-the heme associated with subspecies of cytochrome P-450 or the heme precursor of the "early labeled" bile pigment fraction in liver (7).
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